Within the expressed sequence tag (EST) dataset of Toxoplasma gondii we have identified several ESTs encoding a protein similar to the small zinc finger protein MPS1. In human it is suggested that MPS1 plays a role as a transcriptional mediator in response to various growth factors and it is used as a tumour marker in sera from cancer patients. However, in rat a cDNA sequence homologous to MPS1 encodes ribosomal protein S27. To further characterise MPS1 in T. gondii we transformed tachyzoites with a c-Myc-tagged version of the Toxoplasma MPS1 cDNA, flanked by SAG1 sequences. Western blot analysis showed that the Myc-MPS1 was only poorly expressed in the stable transformants. In contrast, Northern blot analysis demonstrated that the Myc-MPS1 mRNA was abundantly transcribed and that the endogenous level of MPS1 mRNA was not affected. ß
Introduction
The protozoan parasite Toxoplasma gondii is an obligate intracellular organism that has the remarkable ability to invade and survive in almost all types of cells including macrophages [1] . The parasite is a very common pathogen with cats and other Felidae as the ¢nal host and a wide range of animals, including man, as intermediate hosts. Transmission of T. gondii takes place by ingestion of oocysts shed by the ¢nal host or through the consumption of raw or undercooked meat from intermediate hosts infected with tissue cysts. Infections in humans normally induce only mild symptoms in healthy individuals, whereas acute infections during pregnancy can cause severe disease in the foetus as well as abortion. A rapidly increasing problem is infections in immunocompromised individuals, where toxoplasmosis causes considerable morbidity and mortality [2] .
During the course of infection in the intermediate host T. gondii progresses through several life cycle stages and at the point of acute infection the parasite proliferates as a rapidly growing tachyzoite. The parasite then converts to slow-growing bradyzoites contained within tissue cysts and can thus escape the mounting immune response by the host. The bradyzoite form is the basis for a life-long latent (chronic) infection. Recently increased understanding has emerged regarding conditions that can trigger this stage conversion in vitro [3, 4] . However, little is known about the parasite factors regulating the developmental cycle [5] . In this study, we describe the cloning and characterisation of a tachyzoite cDNA from T. gondii that encodes a small zinc ¢nger protein. The deduced amino acid sequence shares a striking homology with a human protein, metallopan stimulin (MPS1), that has been suggested to play a role in transcriptional activation in rapidly proliferating cells [6] , but also has homology with the ribosomal protein S27 [7] .
Materials and methods

Parasites
Tachyzoites from the RH strain of T. gondii were used for the isolation of mRNA for the synthesis of cDNA. For the generation of stable transformants we used a mutant of RH that lacks the hypoxanthine-xanthine-guanine transferase gene (hxgprt3) [8] .
Cloning of MPS1
A cDNA fragment encoding the open reading frame of T. gondii MPS1 protein was isolated through PCR from a cDNA library constructed from randomly primed RH tachyzoite mRNA. The PCR product was digested and ligated into pUC18. After sequencing the cDNA, it was subcloned into the NsiI-PstI site of the T. gondii expression vector pSAG1 [9] . A tag encoding the c-Myc epitope was inserted into the NsiI site at the start of the MPS1 sequence to facilitate recombinant protein detection. The ¢nal construct was designated pSmycMPS1.
Parasite transfection
RH/hxgprt3 parasites (10 7 ) were cotransfected with 50 Wg of BamHI-linearised pSmycMPS1 plasmid and 5 Wg BamHI-linearised pminiHXGPRT using a restriction enzyme-mediated integration (REMI) protocol that included 100 units of BamHI [10] . After 6 h recovery on human foreskin ¢bro-blasts cells, mycophenolic acid (25 Wg ml 31 ) and xanthine (50 Wg ml 31 ) were added to the medium to select for stable transformants [8] . Drug-resistant parasites were cloned by limited dilution in microtitre plates.
Western blot analysis
Tachyzoite proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 12% mini gels and then transferred to nitrocellulose. Membranes were incubated with a monoclonal antibody (clone 9E10) towards the cMyc tag, then incubated with a rabbit anti-mouse IgG peroxidase conjugate. Bound antibodies were visualised by chemiluminescence detection and exposure to ¢lm using the ECL system (Amersham Pharmacia Biotech, Uppsala, Sweden).
Northern blot analysis
Total RNA was isolated from tachyzoites by standard techniques, electrophoresed and transferred onto nylon membrane by downward capillary blotting [11] . Membranes were hybridised with a radioactively labelled MPS1 cDNA probe. As a loading control, the membranes were stripped and reprobed with a 800-bp probe derived from DNA encoding the major surface tachyzoite antigen (SAG1) from T. gondii.
Results and discussion
The T. gondii MPS1 cDNA
In the expressed sequence tag (EST) database derived from T. gondii RH tachyzoites [12] , we could identify several ESTs with high homology to the human MPS1 protein (see the Toxoplasma consensus database at http://www.cbil.upenn.edu/ParaDBs/ Toxoplasma/index.html). Human MPS1 is suggested to play a role as a mediator of cellular proliferative responses to various growth factors and other environmental signals [6] . It has also been demonstrated that the protein can bind to cAMP-responsive elements and that it might be speci¢cally phosphorylated [13] . These are all characteristics that correspond to a protein that could act as a transcriptional mediator in tachyzoites and possibly be turned o¡ in bradyzoites.
In the alignment in Fig. 1 , the T. gondii and the human MPS1 amino acid sequences show a very high similarity (70%). The T. gondii MPS1 cDNA encodes for a polypeptide of 82 amino acids (about 9.0 kDa) containing four conserved cysteine residues with the potential to form a zinc ¢nger domain of the C4 type as described for the human MPS1 sequence. Interestingly, the sequence of the S27 protein from rat is almost identical to the human MPS1 sequence (Fig. 1) . The S27 cDNA was cloned with the aid of a peptide sequence from a protein that had been isolated from rat ribosomes and identi¢ed as ribosomal protein S27 [7] . The MPS1 sequence, on the other hand, was isolated by di¡erential hybridisation from human mammary carcinoma cells that were stimulated with transforming growth factor L1. This suggests that the MPS1/S27 protein might be multifunctional, as described for several other ribosomal proteins [14] . MPS1/S27 is evidently an evolutionarily well-conserved protein but it does not have any eubacterial counterpart, as the majority of ribosomal proteins do [7] .
Analysis of Myc-MPS1 expression in T. gondii tachyzoites
To study the expression of the MPS1 in T. gondii we transfected RH/hxgprt3 tachyzoites with a construct (pSmycMPS1) that contains T. gondii MPS1 cDNA £anked by regions from SAG1. To monitor expression and possibly determine the localisation of recombinant proteins inside the cells, we added a cMyc tag to the MPS1 protein at the N terminus.
This epitope tag has previously been useful to monitor protein tra¤cking as well as protein processing in T. gondii [15] . After selection for stable transformants we analysed seven single clones for the expression of the Myc-tagged MPS1 by Western blot. The transgene parasites expressed the tagged protein with the expected size. However, the level of expression was comparatively low as compared to other Myctagged T. gondii proteins expressed by the identical vector, for instance a cdc2-related kinase of T. gondii (unpublished data). Only after longer exposures could we detect the Myc-MPS1 protein (Fig. 2) . Based on the exposure time for the detection of the second antibody conjugated to HRP, we can estimate that our Myc-MPS1 construct was expressed 10^50 times lower than similar Myc-tagged constructs. This was also evident when we analysed the recombinant parasites by immuno£uorescence since the signals were too weak to be captured on ¢lm. In the intracellular parasites, the Myc tag-positive staining was more cytoplasmic. This suggests that the protein is not primarily a nuclear protein as described [13] , but more likely to be cytoplasmic [16] . This is also supported by the fact that cytoplasmic zinc ¢nger proteins often contain only one or two ¢ngers, whereas nuclear zinc ¢nger proteins contain multiple ¢ngers [17] . 
The Myc-MPS1 transcript controlled by SAG1 £anking sequences is highly abundant
The low signal in Western blot analysis is suggestive of a low level of expression of Myc-MPS1. Nevertheless, Northern blot analysis indicated that the construct was abundantly transcribed (Fig. 3) . Additionally, we could not detect any down regulation of the endogenous MPS1 mRNA in transfected cells. Assuming that MPS1 is chie£y a ribosomal protein, this observation would agree with data for ribosomal protein expression pro¢les [18] . The introduction of extra copies of various ribosomal protein genes has demonstrated that there is little, if any, regulation at the transcriptional level of individual ribosomal protein genes [18] . In many organisms, the synthesis of ribosomal proteins is regulated at the level of translation, usually at the initiation step. However, translational control seems unlikely for the Myc-MPS1 construct since we substituted both the 5P UTR and 3P UTR of MPS1 with the corresponding regions from SAG1. The initiation is also at a point where the SAG1 5P UTR is followed by the sequence encoding the Myc tag. A possible explanation is that the excess MPS1/Myc-MPS1 proteins not incorporated into the ribosome complex are rapidly degraded in the transgenic parasites, as has been described for ribosomal proteins in both higher and lower eukaryotes. In yeast for example, ribosomal proteins made in excess belong to the most rapidly degraded proteins that have been described [19] . We cannot rule out the possibility that the Myc tag might in£uence the protein targeting as well as the stability of the protein. However, in our experience this seems not to be the case for other c-Myc-tagged T. gondii proteins.
A speci¢c role for MPS1 in tachyzoites?
When we compared the level of MPS1 expression in tachyzoites from the virulent RH strain and the non-virulent PLK strain we could not detect any di¡erences in Northern blots (data not shown). We also tested for the presence of MPS1 mRNA in bradyzoites by RT-PCR using total RNA from cysts puri¢ed from a mouse experimentally infected with the Prugniaud strain. A PCR product corresponding to the size of MPS1 cDNA could easily be detected. Chromosomal DNA contamination could be excluded since a genomic PCR with the MPS1 primers gives a fragment of about 1.5 kb due to the presence of one or more introns (data not shown). This suggests that MPS1 is transcribed both in tachyzoites and in bradyzoites although the levels may vary considerably between the di¡erent stages, as well as the extent of translational control of its expression.
There is substantial evidence that a number of ribosomal proteins are multifunctional, i.e. they have a function outside the ribosome [14] . Clearly MPS1/S27 contains a typical DNA binding motif in the form of a zinc ¢nger domain. Other types of DNA binding sequences, similar to basic leucine zipper and helix-turn-helix motifs, have been identi¢ed in other ribosomal proteins. Like MPS1/S27, the ribosomal protein S29 has a zinc ¢nger and also binds zinc [7] . Moreover, MPS1 protein has been shown to bind to speci¢c sequences in gel shift assays suggesting a possible function as a transcriptional factor [13] . The zinc ¢nger domain may also be of importance for the interaction with RNA since it has been shown that S27 is involved in pre-rRNA processing [20] .
Taken together, there is no evidence that MPS1 is one of the key molecules in the control of stage differentiation in T. gondii. Introduction of additional copies of MPS1 under the control of the SAG1 promoter does not lead to overexpression of the protein.
It is likely that translational or post-translational control takes place to avoid a strong imbalance in the stoichiometry of ribosomal proteins.
